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Abstract
Schizophrenic patients present abnormalities in a variety of eye movement tasks. Exploratory eye movement (EEM)
dysfunction appears to be particularly specific to schizophrenia. However, the underlying mechanisms of EEM dysfunction
in schizophrenia are not clearly understood. To assess the potential neuroanatomical substrates of EEM, we recorded EEM
performance and conducted a voxel-based morphometric analysis of gray matter in 33 schizophrenic patients and 29 well
matched healthy controls. In schizophrenic patients, decreased responsive search score (RSS) and widespread gray matter
density (GMD) reductions were observed. Moreover, the RSS was positively correlated with GMD in distributed brain regions
in schizophrenic patients. Furthermore, in schizophrenic patients, some brain regions with neuroanatomical deficits
overlapped with some ones associated with RSS. These brain regions constituted an occipito-tempro-frontal circuitry
involved in visual information processing and eye movement control, including the left calcarine cortex [Brodmann area
(BA) 17], the left cuneus (BA 18), the left superior occipital cortex (BA 18/19), the left superior frontal gyrus (BA 6), the left
cerebellum, the right lingual cortex (BA 17/18), the right middle occipital cortex (BA19), the right inferior temporal cortex
(BA 37), the right dorsolateral prefrontal cortex (BA 46) and bilateral precentral gyri (BA 6) extending to the frontal eye fields
(FEF, BA 8). To our knowledge, we firstly reported empirical evidence that gray matter loss in the occipito-tempro-frontal
neuroanatomical circuitry of visual processing system was associated with EEM performance in schizophrenia, which may be
helpful for the future effort to reveal the underlying neural mechanisms for EEM disturbances in schizophrenia.
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Introduction
Eye movement abnormalities are among the most reproducible
physiological dysfunctions associated with schizophrenia [1–3].
Particularly, exploratory eye movement (EEM) dysfunction appears
to be specific to schizophrenia [4,5]. EEM is a method to examine
the participant’s eye tracking while viewing stationary S-shaped
figures. When performing the EEM task schizophrenic patients
showed fewer eye fixations, longer mean duration of fixation and
shorter mean scanning length than controls [6,7]. In most previous
EEM studies, the eye tracking patterns of schizophrenic patients
were significantly different from those of normal individuals or
patients with non-schizophrenic psychosis, and both the sensitivity
and specificity of EEM were higher than 70% for discriminating
schizophrenics from non-schizophrenics [4,8]. Moreover, many
studies have identified that the dysfunction patterns of EEM did not
improve with relieved clinical symptoms of schizophrenia [6,9].
Additionally, a 10-cM resolution genome-wide linkage analysis has
suggested that the schizophrenia-related quantitative EEM trait was
associated with chromosome 22q11.2 [10]. Thus, many investiga-
tors have proposed that EEM dysfunction appears to be a useful
biological marker for schizophrenia [11–13].
The EEM task revealed the schizophrenia-related abnormalities
by its 5 commonly used parameters obtained from the eye tracking
data analysis, including number of eye fixations (NEF), total eye
scanning length (TESL), mean eye scanning length (MESL),
responsive search score (RSS) and cognitive search score (CSS).
Numerous studies have found that the lower RSS was specific to
schizophrenia [2,12,13]. RSS is obtained according to the pattern
of eye fixation points after the final question, ‘Are there any other
differences?’ The RSS abnormalities were only found in patients
with schizophrenia [2,12,13], and the RSS of schizophrenic
patients was significantly lower than that of depressed patients or
healthy controls irrespective of geographical location, racial and
culture influence [8]. Moreover, RSS impairments were also found
in the healthy siblings of schizophrenic patients and therefore, it
was thought to be an intermediate phenotype and a vulnerability
marker for schizophrenia [14].
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functional disability in schizophrenia could be attributed to its
pathological substrates [15,16]. Most studies investigating the
neural substrate of eye movement have pointed that abnormal
smooth pursuit and saccadic eye movements in schizophrenia were
associated with specific brain structural abnormalities [17–19].
However, studies on exploring the underlying neuropathological
mechanism of the EEM dysfunction in schizophrenia were
relatively sparse. A pioneer study exploring the relationship
between the EEM and brain morphology has presented that
RSS was significantly related to gray matter density (GMD) in the
right frontal eye field (rFEF) and right inferior frontal region in
schizophrenia-spectrum patients [20]. The study increased the
understanding of EEM abnormalities. However, the mechanism of
EEM dysfunction in schizophrenia still needs to be further studied.
We were wondering what the relationship between the EEM and
brain morphology in healthy individuals is and whether or not the
brain structural impairments in schizophrenic patients play a role
in their EEM dysfunction.
In the current study, we conducted EEM tasks and high-
resolution T1-weighted (MP-RAGE) anatomical magnetic reso-
nance imaging (MRI) scans in schizophrenic patients and healthy
controls to investigate the relationship between RSS and brain
morphology by using a voxel-based morphometry (VBM) analysis.
Methods
Ethics statement
The study was approved by the Medical Research Ethics
Committee of the Institute of Mental Health, Peking University.
All participants enrolled in the study signed written informed
consent.
Participants
Thirty-three schizophrenic patients were recruited from the
Institute of Mental Health, Peking University. All the patients
satisfied ICD-10 diagnostic criteria for research for schizophrenia
with paranoid subtype [21] and the diagnoses were made by two
trained and experienced psychiatrists. Participants with epilepsy,
mental retardation, severe physical disease, and treated with
electroconvulsive therapy within the past 6 months were excluded.
All patients received antipsychotic medications during the study.
Antipsychotic dose was converted into chlorpromazine-equivalent
dose [22–24]. The clinical symptoms of the patients were assessed
by a trained and experienced psychiatrist with Positive and
Negative Syndrome Scale (PANSS) [25]. Twenty-nine healthy
controls, without a personal history of psychiatric illness or a
family history of schizophrenia spectrum disorders, were recruited
from community by advertisement. The schizophrenic patients
and the healthy controls were matched for age, gender and years
of education. All participants were right-handed and were
screened to exclude neurologic disease, substance abuse, metal
implant and a history of head injury. MRI scans and EEM tasks
were conducted at the same day. Table 1 provided detailed
demographic and clinical data.
Procedures
EEM data acquisition and processing. The recording
procedure followed that used by Kojima et al. [2]. Each
participant sat on a chair 1.5 m in front of a screen. A nac 8-B
type Eye Mark Recorder (nac, Tokyo, Japan) and a device that
detected corneal reflection of infrared light were equipped. Three
stationary horizontal S-shaped figures were projected individually
onto the screen, including one original target figure (Figure 1a) and
two figures that slightly differed from the target (Figure 1b and
Figure 1c). The width of each projected figure was 90 cm, and the
height was 75 cm (angle of sight was 33u horizontally and 27.5u
vertically). First, each participant was shown the original S-shaped
figure (Figure 1a) for 15 seconds. Immediately after viewing it, the
participant was asked to draw the target figure from memory (a
retention task). Second, the participant was shown a slightly
different figure with one bump in a different position (Figure 1b) for
15 seconds; Fifteen seconds later while the figure was still being
viewed, the participant was asked if it differed from Figure 1a and, if
so, how it differed. After the participant had replied, while still
viewing the figure, he was then asked, ‘Are there any other
differences?’ (This question was repeated until the participant stated
there were no differences.) The second step (a comparison task) was
repeated for an S-shaped figure without bumps (Figure 1c). Third,
the participant was directed to view the projection of Figure 1a
Table 1. Demographic and clinical data of schizophrenic patients and healthy controls.
Participant characteristics Schizophrenic patients (n=33) Healthy controls (n=29) p value
Male/female 19/14 17/12 0.934
a
Age (years) 23.45 (4.05)
d 23.17 (3.05) 0.107
b
Education (years) 13.67 (2.12) 14.38 (1.97) 0.167
c
Age at onset (years) 19.48 (3.37) - -
Duration of illness (months) 41.27 (33.09) - -
Drug (mg/day)
e 437.27 (268.92) - -
PANSS
f positive score 19.64 (4.49) - -
PANSS negative score 15.94 (4.50) - -
PANSS total score 67.79 (11.47) - -
aPearson Chi-square test.
bTwo sample t-test.
cMann-Whitney test.
dMean (standard deviation).
eChloropromazine-equivalent dose.
fPositive and Negative Syndrome Scale.
doi:10.1371/journal.pone.0025805.t001
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movementswere storedintoa videotaperecordingsystem and were
analyzed with a computerized system.
The following 5 parameters were obtained:
1. During the first 15 seconds viewing of Figure 1a, number of
eye fixations (NEF), total eye scanning length (TESL) and
mean eye scanning length (MESL) were extracted. An eye
fixation was defined as a gaze held for more than 200 milli-
seconds.
2. Responsive search score (RSS): Figure 1b and Figure 1c were
each divided into seven sections (Figure 2). The participant was
shown Figure 1b for 15 seconds and then was asked to tell the
difference from Figure 1a and, if so, how it differed. The
number of sections upon which the participant’s eyes fixed at
least once was counted in the 5 seconds immediately after the
final question, ‘Are there any other differences?’ was asked.
The procedure was repeated for Figure 1c. The possible total
maximum score of RSS was 14.
3. Cognitive search score (CSS): When the participant viewed
Figure 1b and Figure 1c for comparing to Figure 1a, the
frequency of fixation points focused on the important areas on
the figure was recorded. One score was got if the participant
viewed any one of important areas of the two figures for three
or more times within 15 seconds in the second step mentioned
above. The possible total maximum score of CSS was 9. The
measurements of RSS and CSS followed that conducted by
Kojima et al. [12].
MRI data acquisition and processing. Structural MRI
scans were obtained at the Department of the Radiology, the Third
Hospital, Peking University, with a 3.0-Tesla Magnetom Trio MR
system (Siemens Medical System, Erlangen, Germany). Three-
dimensional T1-weighted images were acquired in a sagittal
orientation employing a 3D-MPRAGE sequence with the following
parameters: time repetition=2350 ms, time echo=3.44 ms, field
of view=2566256 mm
2,f l i pa n g l e = 7 u, 192 sagittal slices, slice
thickness=1 mm, matrix size=2566256, total acquisition time=
363 seconds. The MRI data were processed with the Statistical
Parametric Mapping Software (SPM5, Welcome Department of
Imaging Neuroscience, London; available at http://www.fil.ion.ucl.
ac.uk/spm). A VBM analysis was performed using the VBM5
toolbox (available at http://dbm.neuro.uni-jena.de), which imple-
ments segmentation algorithm from SPM5 and extends the core
segmentation algorithm by using the Hidden Markov Random Field
(HMRF) approach [26]. A detailed description of processing
procedure of the VBM5 toolbox can be found elsewhere [27]. This
procedure yielded modulated and unmodulated types of tissues
images. It has been suggested that in schizophrenic patients with
cortical atrophy [28], modulation processing may not be suitable
because it could have widespread effects on voxel signal intensities
and may result in less consistent spatial localization of gray matter
volume differences from sample to sample [29,30]. Besides, the
analysis of unmodulated data in schizophrenia is fertile [29,31] and
has been successfully conducted to explore the relationship between
EEM and brain morphology in schizophrenia [20]. Thus we only
used unmodulated data for GMD analysis in the present study.
Resulting gray matter images were smoothed with a 12 mm full
width-half maximum (FWHM) Gaussian kernel.
Statistical analysis. To test whether EEM were significantly
altered in schizophrenic patients, comparisons of each EEM
parameter between two groups was performed using t-test or the
Mann-Whitney U-test as appropriate, given that MESL, CSS and
RSS did not meet the criteria for normality (Shapiro-Wilk test).
Pearson’s correlation coefficient was used to identify significant
relationships between each EEM parameter and duration of illness
and medication respectively. Statistical significance was set at
p,0.05 (two-tail). Statistical analysis was carried out with SPSS for
windows (SPSS 13.0, SPSS Inc, Chicago, IL, USA).
The images were analyzed within the framework of the general
linear model implemented in SPM5. First, to examine the GMD
changes in schizophrenic patients, we used an analysis of
covariance model with diagnostic group as fixed variable,
including age and gender as confounding covariates. The
significance level (p,0.05) corrected for multiple comparisons
was estimated by combing a height threshold (p,0.001, two-tail,
uncorrected) and a extent threshold at the cluster level [cluster
extent (k).620] using the random field theory [32]. Second, the
relationship between GMD and RSS in schizophrenic patients and
controls, respectively, was examined using a multiple regression
model with RSS as independent variable. The multiple regression
model for patients included antipsychotic dose, duration of illness,
age and gender as confounding covariates; and the multiple
regression model for controls included age and gender as
confounding covariates. The significance level (p,0.05) corrected
for multiple comparisons was estimated by combing a height
threshold (p,0.01, one-tail, uncorrected) and a extent threshold at
the cluster level (k.1683) using the random field theory [32].
Finally, to explore whether the deficits in gray matter was
associated with the impaired RSS in schizophrenic patients, an
overlap map was generated by calculating the intersection of the
two thresholded statistical parameter maps. The results in the
overlap mapping were saved to files and imported into the
MarsBar toolbox (http://marsbar.sourceforge.net/) and the mean
value of GMD of each region was calculated for each participant.
Scatter plots of the relationships between RSS and the mean
values of GMD were created using SPSS for windows.
Figure 1. Figures in the exploratory eye movement task. (a) The original target figure. (b, c) Two figures that slightly differ from the target.
doi:10.1371/journal.pone.0025805.g001
Figure 2. Figures for responsive search score calculation.
Figure 1. b and c were each divided into seven sections.
doi:10.1371/journal.pone.0025805.g002
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EEM results
Compared to healthy controls, schizophrenic patients showed
significant decreases in RSS and CSS (see Table 2). There were no
significant differences in the other three parameters of EEM (NEF,
TESL and MESL) between groups. In addition, no eye movement
parameters significantly correlated with antipsychotic dose and
duration of illness respectively in schizophrenic patients (see Table S1).
MRI Results
Morphology Analysis. Compared to healthy controls,
schizophrenic patients showed significant GMD reductions in
widespread brain areas such as the right middle frontal cortex, the
right precuneus, the right cuneus, the right cerebellum, the left
calcarine cortex, the left middle occipital cortex, the left superior
temporal cortex, the left inferior temporal cortex, the left superior
parietal cortex, the left paracentral lobule, bilateral lingual gyri
and fusiform gyri (Figure 3a) (see Table S2). There were no
significant GMD increases in schizophrenic patients compared to
healthy controls.
Regression Analysis. In schizophrenic patients, RSS was
positively correlated with GMD in the right middle frontal cortex,
the right inferior temporal cortex, the right superior occipital
cortex, the right cerebellum (lobule VII b), the left calcrine cortex,
the left inferior occipital cortex, bilateral precentral gyri extending
to the frontal eye fields (FEF, BA 8), cerebellum (crus I) and
supplementary motor areas (Figure 3b) (see Table S3). No
significantly positive correlation between RSS and GMD was
found in healthy controls.
Overlap Mapping. In schizophrenic patients, overlap
mapping revealed a number of brain regions not only with
GMD reductions but also associated with RSS, such as the left
calcarine cortex (BA 17), the left cuneus (BA 18), the left superior
occipital cortex (BA 18/19), the left superior frontal gyrus (SFG,
BA 6), the left cerebellum (crus I), the right lingual cortex (BA 17/
18), the right middle occipital cortex (BA19), the right inferior
temporal cortex (BA 37), the right dorsolateral prefrontal cortex
(DLPFC) (BA 46) and bilateral precentral gyri (BA 6) extending to
the FEF (BA8) (Figure 3c, Table 3). Scatter plots of the
relationships between RSS and the mean values of GMD for
several representative overlap regions were shown in Figure 4.
Discussion
The principal finding of this study was that lower RSS in
schizophrenic patients was significantly associated with lower
GMD in representative components of neural networks implicated
in eye movement control and visual information processing, such
as the bilateral BA 17, BA 18 and BA 19, bilateral precentral gyri
(BA 6) extending to the FEF (BA 8), the right middle occipital
cortex, inferior temporal cortex and DLPFC, the left SFG (BA 6)
and left cerebellum (crus I). To our knowledge, we firstly reported
empirical evidence that gray matter loss in the occipito-tempro-
frontal neuroanatomical circuitry of visual processing system was
associated with EEM performance in schizophrenia, which may be
helpful for the future effort to reveal the underlying neural
mechanisms for EEM disturbance in schizophrenia.
Low RSS in schizophrenia
We found that schizophrenic patients showed lower RSS than
healthy controls, in line with previous studies [2,6,8]. As an
important parameter, RSS was based on the frequency of eye
fixations on each section of a figure that occurred within 5 seconds
immediately after the final question, ‘Are there any other
differences?’ This search process could be accommodated within
a visuooculomotor model [33]. First, a phase of perception (i.e.,
visual stimulus of the S-shaped figures), involving both the visual
(occipital) and attentional (parietal) areas; Second, a phase of
memorization, under the control of the cortical area actually
involved in spatial working memory (corresponding to visuospatial
integration); third, a phase of eye movement, under the control of
the frontal and parietal motor areas. Therefore, the RSS was a
measure of the ability for fine discrimination (i.e., figuring out the
differences among three S-shaped figures), and, according to the
abovementioned three phases, also reflected abilities to handle a
series of processes, such as attention, perception, memory and
execution. Thus, we speculated that the lower RSS at least
partially resulted from the impairments of one or more of the
abovementioned abilities in schizophrenia. Furthermore, obtain-
ing RSS implicated a verbal communication during which ability
of language comprehension was also needed. Therefore, RSS
could also be an objective parameter for assessing the ability of
personal communication, and decreased RSS might reflect the
specific symptom of poor interpersonal communication in
schizophrenics [2,8]. In addition, consistent with previous reports
[9], we also found that RSS showed no significant correlation with
antipsychotic dose and duration of illness, which indicated that
RSS was stable in schizophrenia and should be a trait-related
deficit but not state-related deficit.
Neuroanatomical circuitry underlying EEM
The ventral and dorsal visual-processing pathway. Our
overlap mapping revealed that neuroanatomical deficits and EEM
disturbances were associated in schizophrenic patients, i.e. some
Table 2. Comparison of eye movement parameters between schizophrenic patients and healthy controls.
Parameters Schizophrenic patients (n=33) Healthy controls (n=29) t/z value p value
NEF 23.21(6.49)
a 24.28(5.78) 20.678 0.501
b
MESL 22.89(6.35) 28.13(11.81) 21.877 0.061
c
TESL 513.72(217.92) 610.59(180.87) 21.889 0.064
b
RSS 9.12(2.16) 10.52(1.43) 22.807 0.005
c
CSS 6.06(0.83) 6.72(0.70) 23.282 0.001
c
NEF, number of eye fixation; MESL, mean eye scanning length; TESL, total eye scanning length; RSS, responsive search score; CSS, cognitive search score.
aMean (standard deviation).
bTwo sample t-test.
cMann-Whitney test.
doi:10.1371/journal.pone.0025805.t002
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correlated with RSS. Those brain regions included bilateral BA
17, BA 18, BA 19, and the right inferior temporal cortex. Most
visual information arrives in the cortex via connections from the
lateral geniculate nucleus to BA17 (also known as primary visual
cortex, V1), from which two main pathways can be distinguished
between areas of visual cortex: a dorsal (occipital-parietal) stream
that reaches the posterior parietal cortex and a ventral (occipital-
temporal) stream that goes to the inferior temporal region [34,35].
Our current findings presented decreased GMD in BA17 (V1) and
several areas involved in the ventral stream such as BA 18 (V2)
and the inferior temporal cortex. Previous studies have reported
that V1 is absolutely necessary for most visual functions, and
lesions in V1 weakened the capacity for fine visual discrimination
[36,37]. Damage along the ventral visual stream was reported to
result in several disturbances in visual recognition and
understanding [38]. For instance, lesions in the inferior temporal
cortex, which played a critical role in fine object recognition and
discrimination tasks [39,40], could lead to impairment in object
shape recognition [41]. The overlap areas also included the right
middle occipital cortices (BA19) and the left superior occipital
cortex (BA 18/19), which were approximately corresponsive to V2
and V3 of the dorsal stream [35,38,42]. The dorsal stream has
been documented with functions of visuomotor integration and
spatial processing [43]. Furthermore, the middle occipital cortex
was documented to associate with pursuit command, spatial
position information and eye movement processing [44,45].
O’Donnell et al. [46] reported that schizophrenia may be
accompanied by impaired visual spatial perception and
representation and suggested the deficits in trajectory
discrimination might reflect a disturbance of the dorsal pathway
of the visual system in schizophrenia. In fact, a growing body of
Figure 3. Surface renderings representing the results from the analysis of MRI data. Statistical parametric maps were superimposed on
the population, landmarked-and surface-based (PALS) atlas of human cerebral cortex [73] using CARET software (http://brainvis.wustl.edu). Color bar
indicates the t value. (a) Voxel-based morphometry analysis. Compared with healthy controls, regions with significantly (p,0.05, corrected) decreased
gray matter density (GMD) in schizophrenic patients were shown in cool color. (b) Regression analysis of GMD with responsive search score (RSS)
using antipsychotic dose, duration of illness, age and gender as confounding covariates in schizophrenic patients. Regions with significantly (p,0.05,
corrected) positive correlations with RSS in schizophrenic patients were shown in warm color. (c) The result of overlap mapping was shown in yellow.
Top row, left medial view; second row, left lateral view; third row, right medial view; fourth row, right lateral view.
doi:10.1371/journal.pone.0025805.g003
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Regions Side Brodmann areas Cluster-size (k)
a Coordinates of geometric centers
b
Middle frontal cortex R 46 1828 39 43 34
Calcarine cortex L 17 1761 26 2100 26
Precentral gyrus R 6 932 50 274 4
Superior frontal gyrus L 6 791 224 1 65
Middle occipital cortex R 19 675 29 289 24
Inferior temporal cortex R 37 537 62 251 217
Cuneus L 18 471 21 273 22
Superior occipital cortex L 18/19 428 226 290 27
Fusiform cortex L 20 412 231 217 235
Precuneus L 6 295 244 2 55
Cerebellum L NA 152 239 276 221
Lingual cortex R 17/18 58 7 290 28
Postcentral cortex L 4 55 252 210 45
ak=number of voxels in the particular cluster, only cluster-size (k) .10 voxels were listed.
bIn Montreal Neurological Institute (MNI) space by using program fslstats implemented in FSL software (http://www.fmrib.ox.ac.uk/fsl/avwutils/index.html).
The brain imaging results were labeled with the Automated Anatomical Labeling (AAL) software [74] in combination with the Brodmann templates implemented in
MRIcroN software (http://www.cabiatl.com/mricro/mricron). L, left; R, right.
doi:10.1371/journal.pone.0025805.t003
Figure 4. Representative scatter plots of the gray matter density (GMD) of overlap regions against responsive search score (RSS) in
schizophrenic patients (SZ) and healthy controls (HC) with trend lines. Correlation coefficient (r) was used to assess the significance of a
correlation (p,0.05). GMD values of the six overlap regions were significantly correlated with RSS in SZ, whereas there was no significant correlation
between RSS and GMD in HC. Red lines for SZ and blue lines for HC. L, left; R, right; ITC, inferior temporal cortex; PC, precentral cortex; DLPFC,
dorsolateral prefrontal cortex; CC, calcarine cortex.
doi:10.1371/journal.pone.0025805.g004
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object form and spatial location in schizophrenic patients and, as
our findings suggested, these perceptual deficits could be resulted
from a relatively specific deficit in the ventral and dorsal visual-
processing stream [46–49]. Besides, there are numerous
interconnections, both forward and backward, between ventral
and dorsal pathways, integrating the two pathways into a neural
circuitry involved in processing visual information [38]. Thus, the
disturbances in the neural circuitry of visual processing system may
be associated with the EEM dysfunction in schizophrenia.
There was a concern whether decreased RSS was due to the
decreased visual acuity in schizophrenic patients. It should be
mentioned that each participant recruited in the present study
could meet the basic visual demand of daily life and was able to
complete the standard EEM task. Therefore, the changes of visual
acuity could not account for decreased RSS in patients in the
current study.
The frontal cortices. Our data clearly demonstrated that
some prefrontal cortices, including the right DLPFC (BA 46) and
the left SFG (BA 6), were brain areas with GMD reductions
associated with RSS decreases. Eye movement dysfunctions in
schizophrenia were reportedly concerned with higher-order
cognition-related areas [50,51], among which the prefrontal
cortices are likely involved in task-dependent interpretation of
visual input to orchestrate cognitive decisions [52]. For instance,
Bagary et al. [17] demonstrated that oculomotor dysfunction in
schizophrenic patients correlated with abnormal gray matter in
DLPFC. Courtney et al. [53] suggested that the SFG was
specialized for spatial working memory, which was found to be
associated with impaired oculomotor task performance in
schizophrenic patients [54]. In addition, a transcranial magnetic
stimulation study also showed that the SFG was involved in visual-
spatial working memory task, whereas the DLPFC interfered with
both visual-object and visual-spatial information in humans [55].
As aforementioned, the procedure of obtaining RSS implicated
attention, working memory, as well as eye movement control,
during which the DLPFC and SFG may be recruited. Thus, gray
matter loss in the right DLPFC and the left SFG may be
implicated with the dysfunction of EEM in schizophrenic patients.
The bilateral precentral gyri (BA6) extending to the FEF (BA 8)
was another finding in our overlap mapping analysis. The FEF
was a principal region involved in oculomotor control and
maintenance of eye fixation [56,57]. Many lesion and functional
neuroimaging studies emphasized that the FEF was concerned
primarily with the visual attention, the actual triggering and
execution of eye movements in human [58,59]. The FEF lesions
have been found to impair the oculomotor tasks requiring
exploration or orientation towards visual stimuli [60]. In addition,
the FEF may be particularly important in a series of eye movement
tasks like smooth pursuit eye movement, saccade eye movement
and EEM in schizophrenia [20,50,51]. Tsunoda et al. [20] found
that the RSS was positively correlated with GMD in the FEF in
schizophrenia spectrum patients and suggested that the FEF-
related neural network dysfunction may be associated with the
systematic intentional exploration of space and contribute to the
EEM disturbance in patients. In this study, we replicated their
findings on the relationship between the FEF impairment and
EEM dysfunction in schizophrenic patients.
Taken together, the cerebral cortical areas observed in our
overlap mapping were compatible with a recent study that
schizophrenia showed severe functional deficits across a distribut-
ed network of sensory and higher-order cognitive brain regions in
visual object processing [61]. Although the causal relationship
between gray mater changes and EEM abnormalities is still
unclear, according to our findings, we speculated that neuroan-
atomical deficits in the dorsal and ventral pathways, and ‘high-
order’ frontal areas might induce a dysintegration of the occipito-
tempro-frontal circuitry and dysfunction within this circuitry may
underlie the disturbances of EEM in schizophrenia.
The cerebellum. Our findings also showed the GMD of
cerebellum (crusI, lobule VII b) was associated with EEM in
schizophrenic patients. The cerebellum is commonly regarded as
an organ that subserves coordination, balance, and fine motor
control [62]. Moreover, its cortex and deep cerebellar nuclei play
a crucial role in supporting the accuracy and adaptation of
voluntary eye movements [63]. Previous studies gave evidence that
multiple cerebellar structures are involved in the control of eye
movements, among which the oculomotor vermis (lobuli VI and
VII) are especially well documented [63]. The vermis lesions led to
the disruption of the timing, accuracy and dynamics of saccades,
and the ability to maintain eye fixation as well [64,65].
Furthermore, neural cells located in the crus I and II were
recorded to discharge related to eye movements and visual stimuli
in monkeys during a visually guided eye movement tracking task
[66]. In human, lesions of the lateral cerebellar hemisphere may
affect the smooth pursuit eye movement [67]. In addition, lateral
cerebellar hemisphere (particularly in the crus I and II) involved in
human executive network and played an important role in
executive functions, such as reasoning and working memory,
which were indispensable in EEM as well [68,69]. Hence, besides
the cerebral neuroanatomical circuitry of visual processing system
aforementioned, the cerebellum impairment may be also
implicated with the EEM dysfunction in schizophrenic patients.
Findings in healthy controls. Another goal of the present
case-control study was to explore the relationship pattern between
RSS and GMD in healthy individuals. We found no significantly
positive correlation between RSS and GMD in controls, which
may be due to the relatively centralized RSS as showed from the
lower standard deviation in controls. Previous studies have
suggested that multiple cortical areas such as frontal eye fields,
the middle temporal, brain stem and cerebellum are all human
eye-movement-related structures [63,70]. Moreover, a PET study
indicated a network of brain regions including frontal eye fields,
supplementary eye field, V5 and medial cuneus was activated
during smooth pursuit and saccade eye movements in healthy
individuals [71]. However, the neurobiological pathways
implicating EEM in healthy individuals is still unclear. It is
required to integrate multiple research techniques, e.g. functional
MRI and PET, to address this question in the future studies.
Limitations and considerations
The present study has several limitations and considerations.
First, patients in our study had relatively discrete durations of
illness (from 8.18 to 74.36 months) and were all exposed to
antipsychotic medication. The exposure to antipsychotic medica-
tion may impact brain structure [72], which was reflected in our
data as well (see Figure S1, Table S4). Although we
included antipsychotic dose and duration of illness as nuisance
covariates in the regression model for schizophrenic patients, their
underlying effects on brain structure cannot be removed
thoroughly. Second, the RSS has been found to be correlated
positively with the performance Intelligence Quotient (IQ) and the
Wechsler’s Maze test in schizophrenic patients [2]. However, we
did not include IQ or other measurements of cognitive function as
control factors in the current study. Though without IQ, a
measure of general cognitive function, all participants in the
current study were at least junior high school graduates and the
education levels were well matched between groups. In addition,
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Therefore, we inferred that the intelligence level of all the
participants might be normal. Now the effects of the cognitive
function on the EEM performance were still unclear. Thus, it will
be helpful to elucidate the relationship between the cognitive
function and EEM by collecting data from multiple dimensions of
cognition and using multiple regression analysis to examine the
relationship between the cognitive measurements and EEM
performance in future study. Additionally, schizophrenia is a
highly genetic disease and EEM is an intermediate phenotype of
schizophrenia. Thus, it would be of particular interest to consider
the relationship between EEM and brain structure in unaffected
relatives of schizophrenic patients in future work.
Conclusions
In summary, decreased RSS and widespread gray matter loss
were observed in schizophrenic patients. Moreover, we found that
decreased RSS in schizophrenic patients was correlated with
decreased GMD in several brain areas in a distributed occipito-
tempro-frontal circuitry involved in visual information processing
and eye movement control. These findings revealed an association
between gray matter reductions and EEM abnormalities, which
may help to reveal the underlying neural mechanisms for EEM
disturbances in schizophrenia in the future study. The present
work may well provide a new underpin for the further research to
evaluate and verify the EEM as a biological marker for
schizophrenia.
Supporting Information
Figure S1 Surface renderings representing the results
from the analysis of MRI data. Statistical parametric maps of
regression analysis in schizophrenic patients was superimposed on
the population, landmarked-and surface-based (PALS) atlas of
human cerebral cortex [73] using CARET software (http://
brainvis.wustl.edu). In the regression analysis, chlorpromazine-
equivalent antipsychotic dose was used as independent variable
and gray matter density within each voxel as dependent variable,
including age and gender as confounding covariates. Regions with
significantly (p,0.01, corrected) negative correlations with RSS in
schizophrenic patients were shown in cool color. Color bar
indicates the t value.
(TIF)
Table S1 The relationship between parameters of EEM
and antipsychotic dose and duration of illness in
schizophrenic patients.
(DOC)
Table S2 Brain regions with decreased gray matter
density in schizophrenic patients.
(DOC)
Table S3 Brain regions with a significant positive
correlation between responsive search score and gray
matter density in schizophrenic patients.
(DOC)
Table S4 Brain regions with a significant negative
correlation between antipsychotic medication and gray
matter density in schizophrenic patients.
(DOC)
Acknowledgments
The authors thank all participants for their cooperation in our study.
Author Contributions
Conceived and designed the experiments: LQ LT WY DZ. Performed the
experiments: LQ LT RZ QZ HSY HY JY. Analyzed the data: LQ LT YH
DZ HY. Contributed reagents/materials/analysis tools: LQ LT RZ HY
CP QL JY WY YH DZ. Wrote the paper: LQ LT HY.
References
1. Matsue Y, Okuma T, Saito H, Aneha S, Ueno T, et al. (1986) Saccadic Eye-
Movements in Tracking, Fixation, and Rest in Schizophrenic and Normal
Participants. Biol Psychiatry 21: 382–389.
2. Kojima T, Matsushima E, Ando K, Ando H, Sakurada M, et al. (1992)
Exploratory Eye-Movements and Neuropsychological Tests in Schizophrenic-
Patients. Schizophr Bull 18: 85–94.
3. Levy DL, Holzman PS, Matthysse S, Mendell NR (1993) Eye tracking
dysfunction and schizophrenia: a critical perspective. Schizophr Bull 19:
461–536.
4. Suzuki M, Takahashi S, Matsushima E, Tsunoda M, Kurachi M, et al. (2009)
Exploratory eye movement dysfunction as a discriminator for schizophrenia: a
large sample study using a newly developed digital computerized system. Eur
Arch Psychiatry Clin Neurosci 259: 186–194.
5. Matsushima E, Kojima T, Ohta K, Obayashi S, Nakajima K, et al. (1998)
Exploratory eye movement dysfunctions in patients with schizophrenia:
possibility as a discriminator for schizophrenia. J Psychiatr Res 32: 289–295.
6. Kojima T, Matsushima E, Nakajima K, Shiraishi H, Ando K, et al. (1990) Eye-
Movements in Acute, Chronic, and Remitted Schizophrenics. Biol Psychiatry
27: 975–989.
7. Matsushima E, Kojima T, Ohbayashi S, Ando H, Ando K, et al. (1992)
Exploratory Eye-Movements in Schizophrenic-Patients and Patients with
Frontal-Lobe Lesions. Eur Arch Psychiatry Clin Neurosci 241: 210–214.
8. Kojima T, Matsushima E, Ohta K, Toru M, Han YH, et al. (2001) Stability of
exploratory eye movements as a marker of schizophrenia - a WHO multi-center
study. Schizophr Res 52: 203–213.
9. Obayashi S, Matsushima E, Okubo Y, Ohkura T, Kojima T, et al. (2001)
Relationship between exploratory eye movements and clinical course in
schizophrenic patients. Eur Arch Psychiatry Clin Neurosci 251: 211–216.
10. Takahashi S, Ohtsuki T, Yu SY, Tanabe E, Yara K, et al. (2003) Significant
linkage to chromosome 22q for exploratory eye movement dysfunction in
schizophrenia. Am J Med Genet B Neuropsychiatr Genet 123B: 27–32.
11. Kojima T, Potkin SG, Kharazmi M, Matsushima E, Herrera J, et al. (1989)
Limited Eye-Movement Patterns in Chronic-Schizophrenic Patients. Psychiatr
Res 28: 307–314.
12. Matsushima E, Kojima T, Ohta K, Obayashi S, Nakajima K, et al. (1998)
Exploratory eye movement dysfunctions in patients with schizophrenia:
possibility as a discriminator for schizophrenia. J Psychiatr Res 32: 289–295.
13. Suzuki M, Takahashi S, Matsushima E, Tsunoda M, Kurachi M, et al. (2009)
Exploratory eye movement dysfunction as a discriminator for schizophrenia. Eur
Arch Psychiatry Clin Neurosci 259: 186–194.
14. Takahashi S, Tanabe E, Yara K, Matsuura M, Matsushima E, et al. (2008)
Impairment of exploratory eye movement in schizophrenia patients and their
siblings. Psychiatry Clin Neurosci 62: 487–493.
15. Keshavan MS, Tandon R, Boutros NN, Nasrallah HA (2008) Schizophrenia,
‘‘just the facts’’: what we know in 2008 Part 3: neurobiology. Schizophr Res 106:
89–107.
16. Wright IC, Rabe-Hesketh S, Woodruff PW, David AS, Murray RM, et al.
(2000) Meta-analysis of regional brain volumes in schizophrenia. Am J Psychiatry
157: 16–25.
17. Bagary MS, Hutton SB, Symms MR, Barker GJ, Mutsatsa SH, et al. (2004)
Structural neural networks subserving oculomotor function in first-episode
schizophrenia. Biol Psychiatry 56: 620–627.
18. Katsanis J, Iacono WG (1991) Clinical, Neuropsychological, and Brain
Structural Correlates of Smooth-Pursuit Eye Tracking Performance in
Chronic-Schizophrenia. J Abnorm Psychol 100: 526–534.
19. Raemaekers M, Jansma JM, Cahn W, Van der Geest JN, van der Linden JA,
et al. (2002) Neuronal substrate of the saccadic inhibition deficit in schizophrenia
investigated with 3-dimensional event-related functional magnetic resonance
imaging. Arch Gen Psychiatry 59: 313–320.
20. Tsunoda M, Kawasaki Y, Matsui M, Tonoya Y, Hagino H, et al. (2005)
Relationship between exploratory eye movements and brain morphology in
schizophreniaspectrumpatients.EurArchPsychiatry ClinNeurosci255:104–110.
21. World Health Organization (1993) The ICD-10 classification of mental and
behavioural disorders: diagnostic criteria for research. Geneva: World Health
Organization. xiii, 248 p.
22. Lehman AF, Steinwachs DM, Project C-IP (1998) At issue: Translating research
into practice: The Schizophrenia Patient Outcomes Research Team (PORT)
treatment recommendations. Schizophrenia Bulletin 24: 1–10.
Exploratory Eye Movement in Schizophrenia
PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e2580523. Woods SW (2003) Chlorpromazine equivalent doses for the newer atypical
antipsychotics. J Clin Psychiatry 64: 663–667.
24. Bai YM, Chen TT, Chen JY, Chang WH, Wu B, et al. (2007) Equivalent
switching dose from oral risperidone to risperidone long-acting injection: A 48-
week randomized, prospective, single-blind pharmacokinetic study. J Clin
Psychiatry 68: 1218–1225.
25. Kay SR, Fiszbein A, Opler LA (1987) The Positive and Negative Syndrome
Scale (Panss) for Schizophrenia. Schizophr Bull 13: 261–276.
26. Cuadra MB, Cammoun L, Butz T, Cuisenaire O, Thiran JP (2005) Comparison
and validation of tissue modelization and statistical classification methods in T1-
weighted MR brain images. IEEE Trans Med Imaging 24: 1548–1565.
27. Meisenzahl EM, Koutsouleris N, Gaser C, Bottlender R, Schmitt GJE, et al.
(2008) Structural brain alterations in participants at high-risk of psychosis: A
voxel-based morphometric study. Schizophr Res 102: 150–162.
28. Coffman JA, Mefferd J, Golden CJ, Bloch S, Graber B (1981) Cerebellar
atrophy in chronic schizophrenia. Lancet 1: 666.
29. Eckert MA, Tenforde A, Galaburda AM, Bellugi U, Korenberg JR, et al. (2006)
To modulate or not to modulate: differing results in uniquely shaped Williams
syndrome brains. Neuroimage 32: 1001–1007.
30. Fornito A, Yucel M, Patti J, Wood SJ, Pantelis C (2009) Mapping grey matter
reductions in schizophrenia: an anatomical likelihood estimation analysis of
voxel-based morphometry studies. Schizophr Res 108: 104–113.
31. Miyata J, Hirao K, Namiki C, Fujiwara H, Shimizu M, et al. (2009) Reduced
white matter integrity correlated with cortico-subcortical gray matter deficits in
schizophrenia. Schizophr Res 111: 78–85.
32. Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE (2004)
Nonstationary cluster-size inference with random field and permutation
methods. Neuroimage 22: 676–687.
33. Pierrot-Deseilligny C, Muri RM, Rivaud-Pechoux S, Gaymard B, Ploner CJ
(2002) Cortical control of spatial memory in humans: the visuooculomotor
model. Ann Neurol 52: 10–19.
34. Nassi JJ, Callaway EM (2009) Parallel processing strategies of the primate visual
system. Nat Rev Neurosci 10: 360–372.
35. Tootell RBH, Hadjikhani NK, Mendola JD, Marrett S, Dale AM (1998) From
retinotopy to recognition: fMRI in human visual cortex. Trends Cogn Sci 2:
174–183.
36. Zeki S, Ffytche DH (1998) The Riddoch syndrome: insights into the
neurobiology of conscious vision. Brain 121: 25–45.
37. Weiskrantz L (1996) Blindsight revisited. Curr Opin Neurobiol 6: 215–220.
38. Blumberg J, Kreiman G (2010) How cortical neurons help us see: visual
recognition in the human brain. J Clin Invest 120: 3054–3063.
39. Mishkin M (1954) Visual Discrimination Performance Following Partial
Ablations of the Temporal Lobe. 2. Ventral Surface Vs Hippocampus. J Comp
Physiol Psychol 47: 187–193.
40. Logothetis NK, Sheinberg DL (1996) Visual object recognition. Ann Rev
Neurosci 19: 577–621.
41. Aggleton JP, Mishkin M (1990) Visual impairments in macaques following
inferior temporal lesions are exacerbated selectively by additional damage to
superior temporal sulcus. Behav Brain Res 39: 262–274.
42. Goebel R, Khorram-Sefat D, Muckli L, Hacker H, Singer W (1998) The
constructive nature of vision: direct evidence from functional magnetic
resonance imaging studies of apparent motion and motion imagery.
Eur J Neurosci 10: 1563–1573.
43. Gegeshidze K, Tsagareli MG (2004) Influence of emotional words on human
visual recognition and brain asymmetry. World J Biol Psychiatry 5: 26–32.
44. Yan XH, Lin XM, Wang QF, Zhang YC, Chen YM, et al. (2010) Dorsal Visual
Pathway Changes in Patients with Comitant Extropia. Plos One 3;5(6): e10931.
45. Barton JJS, Simpson T, Kiriakopoulos E, Stewart C, Crawley A, et al. (1996)
Functional MRI of lateral occipitotemporal cortex during pursuit and motion
perception. Ann Neurol 40: 387–398.
46. O’Donnell BF, Swearer JM, Smith LT, Nestor PG, Shenton ME, et al. (1996)
Selective deficits in visual perception and recognition in schizophrenia.
Am J Psychiatry 153: 687–692.
47. Braff DL (1993) Information processing and attention dysfunctions in
schizophrenia. Schizophr Bull 19: 233–259.
48. Cadenhead KS, Geyer MA, Butler RW, Perry W, Sprock J, et al. (1997)
Information processing deficits of schizophrenia patients: relationship to clinical
ratings, gender and medication status. Schizophr Res 28: 51–62.
49. Tek C, Gold J, Blaxton T, Wilk C, McMahon RP, et al. (2002) Visual perceptual
and working memory impairments in schizophrenia. Arch Gen Psychiatry 59:
146–153.
50. Tregellas JR, Tanabe JL, Miller DE, Ross RG, Olincy A, et al. (2004)
Neurobiology of smooth pursuit eye movement deficits in schizophrenia: an
fMRI study. Am J Psychiatry 161: 315–321.
51. Levy DL, Sereno AB, Gooding DC, O’Driscoll GA (2010) Eye tracking
dysfunction in schizophrenia: characterization and pathophysiology. Curr Top
Behav Neurosci 4: 311–347.
52. Miller EK (2000) The prefrontal cortex and cognitive control. Nat Rev Neurosci
1: 59–65.
53. Courtney SM, Petit L, Maisog JM, Ungerleider LG, Haxby JV (1998) An area
specialized for spatial working memory in human frontal cortex. Science 279:
1347–1351.
54. Park S, Holzman PS (1992) Schizophrenics Show Spatial Working Memory
Deficits. Arch Gen Psychiatry 49: 975–982.
55. Oliveri M, Turriziani P, Carlesimo GA, Koch G, Tomaiuolo F, et al. (2001)
Parieto-frontal interactions in visual-object and visual-spatial working memory:
evidence from transcranial magnetic stimulation. Cereb Cortex 11: 606–618.
56. Schall JD, Hanes DP (1993) Neural basis of saccade target selection in frontal
eye field during visual search. Nature 366: 467–469.
57. Bense S, Stephan T, Yousry TA, Brandt T, Dieterich M (2001) Multisensory
cortical signal increases and decreases during vestibular galvanic stimulation
(fMRI). J Neurophysiol 85: 886–899.
58. Pierrot-Deseilligny C, Rivaud S, Gaymard B, Agid Y (1991) Cortical control of
memory-guided saccades in man. Exp Brain Res 83: 607–617.
59. Schall JD (2004) On the role of frontal eye field in guiding attention and
saccades. Vision Res 44: 1453–1467.
60. Paus T (1996) Location and function of the human frontal eye-field: a selective
review. Neuropsychologia 34: 475–483.
61. Sehatpour P, Dias EC, Butler PD, Revheim N, Guilfoyle DN, et al. (2010)
Impaired visual object processing across an occipital-frontal-hippocampal brain
network in schizophrenia: an integrated neuroimaging study. Arch Gen
Psychiatry 67: 772–782.
62. Miall RC (1998) The cerebellum, predictive control and motor coordination.
Novartis Found Symp 218: 272–284; discussion 284–290.
63. Krauzlis RJ (2005) The control of voluntary eye movements: New perspectives.
Neuroscientist 11: 124–137.
64. Barash S, Melikyan A, Sivakov A, Zhang M, Glickstein M, et al. (1999) Saccadic
dysmetria and adaptation after lesions of the cerebellar cortex. J Neurosci 19:
10931–10939.
65. Takagi M, Zee DS, Tamargo RJ (1998) Effects of lesions of the oculomotor
vermis on eye movements in primate: saccades. J Neurophysiol 80: 1911–1931.
66. Marple-Horvat DE, Stein JF (1990) Neuronal activity in the lateral cerebellum of
trained monkeys, related to visual stimuli or to eye movements. J Physiol 428:
595–614.
67. Straube A, Scheuerer W, Eggert T (1997) Unilateral cerebellar lesions affect
initiation of ipsilateral smooth pursuit eye movements in humans. Ann Neurol
42: 891–898.
68. Chen SH, Desmond JE (2005) Cerebrocerebellar networks during articulatory
rehearsal and verbal working memory tasks. Neuroimage 24: 332–338.
69. Monti MM, Osherson DN, Martinez MJ, Parsons LM (2007) Functional
neuroanatomy of deductive inference: a language-independent distributed
network. Neuroimage 37: 1005–1016.
70. Luna B, Velanova K, Geier CF (2008) Development of eye-movement control.
Brain and Cogn 68: 293–308.
71. O’Driscoll GA, Wolff AL, Benkelfat C, Florencio PS, Lal S, et al. (2000)
Functional neuroanatomy of smooth pursuit and predictive saccades. Neurore-
port 11: 1335–1340.
72. Moncrieff J, Leo J (2010) A systematic review of the effects of antipsychotic drugs
on brain volume. Psychol Med 40: 1409–1422.
73. Van Essen DC (2005) A Population-Average, Landmark- and Surface-based
(PALS) atlas of human cerebral cortex. Neuroimage 28: 635–662.
74. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, et al.
(2002) Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-participant brain.
Neuroimage 15: 273–289.
Exploratory Eye Movement in Schizophrenia
PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e25805